Purpose: To examine the possibility that MR-induced RF power deposition (SAR) and the resulting effects on temperature-dependent metabolic rates or perfusion rates might affect observed 18FDG signal in PET/MR. Methods: Using numerical simulations of the SAR, consequent temperature increase, effect on rates of metabolism or perfusion, and [18FDG] throughout the body, we simulated the potential effect of maximum-allowable whole-body SAR for the entire duration of an hour-long PET/MR scan on observed PET signal for two different 18FDG injection times: one hour before onset of imaging and concurrent with the beginning of imaging. This was all repeated three times with the head, the heart, and the abdomen (kidneys) at the center of the RF coil. Results: Qualitatively, little effect of MR-induced heating is observed on simulated PET images. Maximum relative increases in PET signal (26% and 31% increase, respectively, for the uptake models based on metabolism and the perfusion) occur in regions of low baseline metabolic rate (also associated with low perfusion and, thus, greater potential temperature increase due to high local SAR), such that PET signal in these areas remains comparatively low. Maximum relative increases in regions of high metabolic rate (and also high perfusion: heart, thyroid, brain, etc.) are affected mostly by the relatively small increase in core body temperature and thus are not affected greatly (10% maximum increase). Conclusions: Even for worst-case heating, little effect of MR-induced heating is expected on 18FDG PET images during PET/MR for many clinically relevant applications. For quantitative, dynamic MR/PET studies requiring high SAR for extended periods, it is hoped that methods like those introduced here can help account for such potential effects in design of a given study, including selection of reference locations that should not experience notable increase in temperature.
INTRODUCTION
The advantages of simultaneously acquiring the complimentary information available in MRI and PET have led to a growth in the number of systems and applications for PET/ MR. [1] [2] [3] [4] [5] [6] [7] [8] MRI provides anatomical information with high temporal and spatial resolution as well as a variety of other physiologic information without the need for ionizing radiation. Using a wide range of radiopharmaceuticals, PET can rapidly locate regions of abnormal function with high specificity. Despite concerns regarding challenges to acquiring patientspecific attenuation maps with PET/MR as opposed to PET/ CT, 9 early comparisons indicate performance of PET/MR to compare very well to PET/CT, [3] [4] [5] with PET/MR being preferable in some studies, [6] [7] [8] Potential advantages of PET/MR include good soft tissue contrast, accurate reconstruction of PET images with use of real-time motion tracking in MRI, 10 and significant reduction in patient exposure to ionizing radiation.
Effects of temperature on PET images have been observed on animals. 11, 12 Given the potential for the radiofrequency energy used in MRI to cause heating of tissues 13, 14 and the expectation for temperature-dependent metabolic rates 15, 16 and perfusion rates, 15, 17 here we consider the possibility for the RF heating in MRI to affect the observed signal in 18FDG PET during PET/MR in human tissues. This is done using numerical simulations considering the RF power deposition (SAR) and temperature distributions, metabolic rates or perfusion rates, and consequent timecourse of 18FDG throughout the body for two different 18FDG injection times with respect to initiation of an hour-long PET/MR scan with maximum allowable SAR during the entire scan.
In this work, we present our methods and examine cases where the subject is exposed to high SAR for a long time. While we conclude that for the vast majority of routine clinical exams there should be no significant effect of MR heating on PET signal, we believe the methods we present here may also be useful to researchers with more specialized interests (especially those attempting dynamic, quantitative PET with high-SAR MR sequences) who may need to ensure unintended consequences of their study design will not potentially affect their observations.
MATERIALS AND METHOD
First, simulations of temperature increase throughout the human body due to MR-related RF heating were performed for three different scenarios. Specifically, the electromagnetic fields were simulated for a body-size 16-element, 60 cm diameter, high-pass birdcage coil having legs 40 cm long and 5 cm wide, and operating at 128 MHz (corresponding to the operating frequency of 3T MRI systems) with a model of the human body positioned at three different locations, as if to image the head, the heart, and the kidneys (Fig. 1) . The electromagnetic simulations were performed with commercial software xFDTD (Remcom, State College, PA) and a human body model based on a manual segmentation of the National Library of Medicine's "Visible Male" data set, having a meshgrid resolution 5 mm 9 5 mm 9 5 mm. 18 The entire model contained 891507 voxels. The simulated electromagnetic fields were then normalized so that the head-average Specific energy Absorption Rate (SAR; a measure of heating) was 3.2 W/kg for the simulation with the head positioned in the center of the coil, and the whole-body average SAR was 2 W/kg for the other two cases. These are the maximum values recommended under the IEC guidelines for normal mode operation of MRI systems. 14 In each of the three configurations, temperature (T) for an application of these maximum allowable SAR values continuously for 60 min was estimated with the Pennes' bioheat equation
where c is the heat capacity, q the material density, k is the thermal conductivity, W is a parameter related to blood perfusion rate, Q is the heat generated by metabolism, and the subscript bl indicates values for blood, and SAR, the heat source due to RF absorption, is given by the formula
where r and E represent, respectively, electrical conductivity and the electric field. The temperature simulation was performed with an inhouse finite difference code 20 which also allowed for heat loss to the surrounding air and was shown previously to give accurate results, including at the boundaries. 20 Additionally, a variety of parameters in addition to local temperature T were updated at each iteration. Specifically, the blood temperature parameter T bl , corresponding also to the core body temperature, is allowed to increase through time according to the total energy absorbed by the body through the MRI scan according to a previously described model which also considers respiration and additional heat loss mechanisms, 21 and both the local metabolic rate Q and the local blood perfusion W are allowed to change according to the local temperature T. 15, 17 A variety of physiological models for accumulation of 18FDG by tissue containing multiple compartments within local tissue in addition to a component for blood concentration are used to fit measured concentrations of 18FDG through time. In order to predict 18FDG as a function of temperature through time, use of a model with more than one component in tissue would require a priori knowledge of the concentrations and exchange rates of FDG associated with the various compartments in all tissues through the body at rest, as well as their dependence on temperature. As such information for all tissues in the body is not now available in the literature, we considered two different models, each with only one compartment in tissue: one where uptake of 18FDG is dominated by metabolism, and one where it is dominated by perfusion. In both cases, it is assumed that all 18FDG taken up by the tissue would remain there to maximize the potential effects of temperature.
The often-cited Maxwell-Boltzmann dependence between metabolic rate Q, the average activation energy E, and temperature T. 16 Q / e À E kT (3) for human body temperatures can be approximated well as 15, 17 Q ¼ Q 0 ð1:1Þ TÀT 0 (4) In this work, Q was varied with temperature according to Eq. (4), and in the metabolism-based model perfusion was held at the baseline levels throughout the imaging period to maximize the increase in temperature and thus the effects of MR-related heating on PET signal.
For the perfusion-based model, local blood perfusion rate W was varied as a function of local temperature according to the relationship 
where T 0 , Q 0 and W 0 represent, respectively, the temperature, the metabolic rate, and the perfusion at the equilibrium temperature (with no SAR applied), and S B is a coefficient set to 0.8 C À1 . 15, 17 The values of the material density q, the heat capacity c, the heat conductivity k, of Q 0 and W 0 used in the simulations for different tissues were gathered from an online database. 22 For the perfusion-based model, metabolic rate was allowed to increase with temperature in order to maximize the effect of MR-related heating on temperature and PET signal.
The relative concentrations of FDG through time and space were calculated using two simple two-compartment model describing the FDG concentration in the blood ð½FDG blood Þ, and the local concentration in the tissues (½FDG tissue ), where in one case the concentration in the tissues depends on perfusion W, and in the other it depends on the metabolic rate Q.
For the case where uptake is based on perfusion, the concentrations are estimated with the following differential equations:
while in case the uptake is based on metabolic rate, they are estimated with:
where the he decay constant k is equal to k ¼ lnð2Þ t 1=2 (8) and t 1=2 is the half-life of FDG, estimated to be 110 min 23 and the delta function d indicates a sudden increase in ½FDG blood at the time of injection, t i . Although the terms W and Q in Eq. (6) and (7) do not have the same units of k, Eq. (6) and (7) express the proportionality between the concentration of the tracer in the tissue and either the local perfusion or the local metabolism. For this reason, all the PET signals images obtained with the solution of the equations have been normalized as described later. Equation (6) and (7) have been solved numerically where at each iteration the values of Q and W have been updated depending on the local temperature value. For each of the three positions of the coil, two different timecourses were considered with respect to the time of FDG injection relative to the onset of a one-hour period of MR/PET imaging including MR-related heating at the maximum allowable levels. In one case the imaging period began immediately after the injection of the FDG agent, which is sometimes used in dynamic quantitative analysis, and in the other the imaging period began one hour after the injection, which is typical in clinical exams. The accumulated PET signal through time FIG. 2. Accumulated PET signal through time for both the uptake models based on metabolism and the perfusion, for the RF coil centered around the heart, plot of the signal intensity just after and one hour after the injection of the FDG contrast, in case the SAR is absorbed, and in case no heat is applied. The images have been normalized to the maximum value found in each timecourse. [Color figure can be viewed at wileyonlinelibrary.com] was calculated as the integral of the local ½FDG tissue through the entire 60 min imaging time as projected in the anterior-posterior direction. For comparison, in all three imaging scenarios and both timecourses, the PET signal was also calculated for zero SAR, such that T ¼ T 0 and Q ¼ Q 0 throughout time and space. Again, in the metabolism-based model (the model in Eq. (7)), perfusion is kept constant and equal to W 0 (not temperature dependent as in Eq. (5)) to simulate maximal temperature increase.
Standardized Uptake Value (SUV) was estimated by normalizing the concentration of 18FDG at the end of the imaging period (when temperatures are highest) to produce a value of 8 in the heart, which is in the range of the expected values for a healthy subject. 24 Figure 2 shows the accumulated PET signal through time for the case when the body is positioned with the heart near the center of the RF coil, both in the case of maximum allowable SAR and no SAR applied throughout the imaging period, and for both the metabolism-based and perfusion-based models. Figure 3 shows both the temperature distributions and the percentage increase in the signal intensity with maximum allowable SAR. The maximum values of local temperature, local temperature increase, core body temperature, percent increase in the metabolic rate, absolute increase in metabolic rate, percent increase in perfusion, absolute increase in perfusion and percent increase in the PET signal intensity are presented in Table I and II. Since the initial concentration of FDG in tissues is set to 0, smaller variations in percent increase are observed when the imaging occurs one hour after the injection, because much of the uptake in tissues then occurs while there is no heating. The maximum temperature during MRinduced heating (first row), maximum temperature increase due to MR-induced heating (second row), maximum percent effect on metabolic rate, Q (third row), maximum percent effect on PET signal intensity imaging immediately after FDG injection (fourth row), and maximum percent effect on PET signal intensity imaging one hour after FDG injection (fifth row) all occur in the skeletal muscle of the shoulders or arms in all cases (with the head, heart, and kidney at the center of the coil), except for the maximum increase in Q when the coil is centered on the kidneys and perfusion is not allowed to change according to temperature, whence occurs in a focal region of the colon. The last two rows of Table I report also the maximum absolute and relative increase in perfusion. Because muscle tissue has a low baseline perfusion rate (37 mL/min/kg) its temperature is much more readily affected by SAR than tissue with a much higher perfusion rate, and because it has a low baseline metabolic rate (0.9 W/ kg) even a large relative increases in perfusion and metabolic rate still result in low perfusion, metabolic rates, FDG uptake, and PET signal Fig. 4 compared with tissues having high baseline perfusion and metabolic rates such as heart, brain, and thyroid. Except for the case where maximum increase in Q occurs in the colon, the maximum absolute increases in metabolic rate (sixth row) occurred in the thyroid, which has the highest baseline metabolic rate (87.1 W/kg). The percent increase in metabolic rate at these locations, however, was relatively low (2.8%, 5.6%, and 4.2%, when imaging the head, heart, and kidneys, respectively, and perfusion is allowed to change according to temperature increase). Due to the high rate of perfusion of the thyroid (5624 mL/min/kg), the temperature there closely followed the core body temperature (last row), which increased by only 0.12, 0.4, and 0.4°C when imaging the head, heart, and kidneys respectively. The maximum signal intensity values of the simulated PET Fig. 2 are located in the area of the heart due to a combination of its size and its high perfusion and metabolic rates. Even in these extreme cases simulated PET images are not significantly affected by the increase in the perfusion and metabolic rate (Fig. 2) , enough that the change might be clinically relevant. For example, Fig. 5 shows that for both the uptake models the maximum SUV value reached in muscle is well below the range of SUV values expected in malignant muscle tumors. 25 Also, for the case where the maximum increase in metabolic rate occurs in the colon, the estimated SUV is equal to 3.2 
RESULTS

DISCUSSION
We have simulated the potential effects of MR-related heating on PET signal involving continual SAR levels at the maximum allowable levels under normal mode operation continuously for one hour. In clinical practice today it is unusual to go above normal mode operating limits, and also unusual to exceed exam times of 20 to 30 min. Because clinical exams typically require considerably less time than one hour and because SAR levels during an actual exam will typically not be at or above the maximum allowable levels for longer than a few minutes we have considered extreme cases, and in practice any effects on PET signal should be significantly lower than those seen here. Even in these extreme cases simulated PET images are not significantly affected by the increase in the metabolic rate due to the MRI exam, because the most significant changes of the accumulated PET signal (around 30%) occur in tissues such as muscles having low values of perfusion and metabolic rate. Hence, even in this worst-case heating scenario the observed differences are not likely to affect most clinical studies, where (for example) locations with a fundamentally high level of activity, such as high metabolic rates in malignant tumors for FDG-based studies, are sought, 27, 28 and where higher SUV is expected. Regions of high metabolic rates also typically are highly perfused, such that their temperature is more closely tied to the core body temperature and less affected by local sources of FIG. 4 . Plots of Temperature, concentration of FDG, perfusion, and metabolic rate when imaging the heart begins at the time of injection for two locations: skeletal muscle at the location of greatest temperature increase and the thyroid. A blue continuous line and a blue dashed line are used to indicate the change in the parameters in the muscle and the thyroid, respectively, when no SAR is applied. A dotted line and a sequence of dashes and dots are used for the muscle and the thyroid locations, respectively, when high SAR is applied. All the plots refer to the metabolism-based model except the plots of the perfusion variation, which are obtained from the perfusion-based model. [Color figure can be viewed at wileyonlinelibrary.com] heat. This does not rule out the possibility, however, thatdepending on the tissue of interest and the intended accuracy of measurement -quantitative, dynamic PET studies 26 might be affected by high SAR levels applied for an extended period of time: for example, if uptake in skeletal were used as reference for the other tissues in a quantitative dynamic exam, a significant change there it may affect the other measurements. It is hoped that in such cases, methods like those used here could help ensure study design such that no unanticipated effects of MR-related heating would affect the PET signal by design of MR sequences with lower SAR or selection of reference locations that are not expected to be affected by MRrelated heating.
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FIG. 5. Estimated SUV on a single coronal slice for both the uptake models based on metabolism and perfusion for the RF coil centered around the heart with imaging beginning at the time of injection and in the case when no heat is applied. [Color figure can be viewed at wileyonlinelibrary.com]
